Chalcone synthase [naringenin-chalcone synthase; malonyl-CoA:4-coumaroyl-CoA malonyltransferase (cyclizing), E.C. 2.3.1.74], the key enzyme of flavonoid pathways that was believed to be soluble, has been localized on ribosome-bearing endoplasmic reticulum membranes in the epidermis of buckwheat (Fagopyrum esculentum M.) hypocotyls. Enzyme activity measurement and immunoblots of buckwheat hypocotyl homogenates that were fractionated on linear sucrose density gradients and developed with a specific chalcone synthase antibody and a 20-nm ImmunoGold coijugate showed the presence of chalcone synthase in fractions enriched in endoplasmic reticulum membranes. The presence of chalcone synthase on these membranes was not caused by nonspecific adsorption or entrapment of proteins. Immunocytochemical investigations with both a 5-nm and a 20-nm ImmunoGold conjugate showed that chalcone synthase was associated with the cytoplasmic face of rough (ribosome bearing) endoplasmic reticulum membranes. Plasma membrane, nucleus, plastids, mitochondria, golgi, and the tonoplast were not labeled. These data are consistent with our earlier described model suggesting that the synthesis of phenylpropanoids and flavonoids takes place partially or fully on membrane-associated enzyme complexes.
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Flavonoid compounds are produced by most, if not all, higher plants and are synthesized from p-coumaryl-CoA and malonyl-CoA by the enzyme chalcone synthase [CHS; naringenin-chalcone synthase; malonyl-CoA:4-coumaroyl-CoA malonyltransferase (cyclizing), EC 2.3.1.74]. Cell fractionation experiments showed that the majority of the activity of this enzyme was "soluble," with small but significant portions associated with a membrane fraction (1) . Ultracentrifugation (2) and gel-filtration experiments (3) suggested that CHS is associated with the endoplasmic reticulum (ER) membranes. Convincing evidence exists that another soluble enzyme of this pathway, phenylalanine ammonia lyase (E.C. 4.3.1.5) is at least in part membrane associated (4) .
Detection of enzyme activities in the soluble cytoplasmic fraction after cell fractionation is not a convincing argument for subcellular localization in vivo. Most homogenization procedures destroy cellular organization, and most suspension media that are used during cell fractionations are not physiological in nature. It is becoming increasingly clear that many so-called cytosolic enzymes interact with each other and the structural components of the cell, and the enzyme activities are modified by these interactions (5) . Thus, the term "soluble enzyme" should not be taken as indicating that the catalytically active compartment is a true solution. Rather, it should be regarded as an operational definition, referring more to the result of homogenization and centrifugation procedures in subcellular fractionation than to any established in vivo characteristic.
Our previous studies on localizing weakly associated enzymes or ER membranes by activity alone were greatly hampered by inactivation of enzymes during the isolation procedures. In this paper we present biochemical, immunological, and immunocytochemical evidence that CHS is associated with ER membranes in the cell.
MATERIALS AND METHODS
Homogenization of Plant Tissues. Buckwheat (Fagopyrum esculentum M.) hypocotyls (60 g) that were illuminated for 18 hr (200 ,Einstein m-2) were homogenized in a chilled mortar with 3.5 g of granular silica in 25 ml of 0.1 M KPj buffer (pH 8.0) (K2HPO4/KH2PO4) containing 5 mM 2-mercaptoethanol and 0.1 mM phenylmethylsulfonyl fluoride in the presence of either 10 mM MgCl2 or 10 mM EDTA. The resulting brei was centrifuged at 13,000 x g for 20 min and the supernatants were collected.
Separation of ER Membranes and Other Procedures. The supernatants were loaded on top of 25%/55% sucrose step gradients (5 ml each, prepared in 10 mM KPj buffer, pH 8.0/5 mM 2-mercaptoethanol) containing either 10 mM MgCl2 or 10 mM EDTA and centrifuged 1 hr at 27,000 rpm in an SW-27 rotor (Beckman). The membrane material collecting at the 55% sucrose interface was removed, diluted with distilled H20 (5 mM 2-mercaptoethanol), and centrifuged on 25%/ 55% linear sucrose density gradients (30 ml) that contained 5 mM 2-mercaptoethanol and either 10 mM MgCl2 or 10 mM EDTA for 16 hr at 27,000 rpm in an SW-27 rotor. To determine nonspecific protein adsorption to membranes, one batch of buckwheat hypocotyls was homogenized in a buffer containing 10 mg of bovine serum albumin per ml.
Protein. Protein was determined with the Bradford method (6) in ELISA plates using 20 ,ul of sample and 180 ,ul of reagent.
Enzymes. CHS and cinnamate 4-hydroxylase (EC 1.14.13. 11) activities were determined as described (3) .
Antibody. Rabbit anti-buckwheat CHS antibody was prepared as described (7) .
Electrophoresis. NaDodSO4/PAGE was performed in 10% gels according to Laemmli (8) . Gels 
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Affinity Purification of the CHS Antibody. This was carried out by a modification of the method described by Olmsted (10) . To visualize protein bands, the nitrocellulose sheet was stained with Pelican Fount India drawing ink (11) . The CHS band was identified with the 20-nm goat anti-rabbit IgG ImmunoGold preparation on a vertical strip of =3 mm of the sheet.
Electron Microscopy. Epidermal peels of hypocotyls of buckwheat seedlings -0.5 mm long and pellets of isolated ER membrane preparations were fixed in 4% formaldehyde/ 0.5% glutaraldehyde, pH 7.2 (12, 13) . To improve the fixation of membranes in phenolic-containing cells, 4% formaldehyde containing 2.5% glutaraldehyde and 0.1% caffeine (14) was used. The sections were embedded in Epon-Araldite resins using high temperature (65°C) polymerization or in Lowicryl K4M resin at room temperature.
Ultrathin sections were collected on uncoated nickel mesh grids (300 or 400). Preliminary studies indicated that a 1:20 antibody dilution was optimal for immunolabeling. Controls were treated identically but with a rabbit preimmune serum. Additional controls were treated with the secondary antibody only or with the supernatant of a primary and secondary antibody mixture after incubation and centrifugation.
Quantitation of Antibody Labeling. with the location of cinnamate 4-hydroxylase activity, suggesting the association ofCHS with ER membranes (Fig. 1A) . In EDTA-containing sucrose gradients, peak protein content and activities of cinnamate 4-hydroxylase and CHS shifted to the 1.13-1.15 g/cm3 sucrose density regions, where smooth ER membranes accumulate (Fig. 1B) . A simultaneous accumulation of proteins in the sample region (fractions 1-10) was also observed, due to an apparent release of ribosomes from the membranes by the effect of the EDTA (see ref.
2). Detection of CHS Protein on ER Membranes by Immunoblotting. When buckwheat homogenates were centrifuged in sucrose density gradients to isopycnic equilibrium, large losses occurred in the activities of both marker and CHS as reported earlier (2) . Therefore, the presence of CHS was monitored by immunoblotting the gradients described above and hybridizing with a goat anti-rabbit IgG ImmunoGold (20 nm) conjugate. This procedure enhanced sensitivity of the detection of CHS =50-fold over the peroxidase-antiperoxidase method and did not produce background staining.
In MgCI2-containing gradients CHS protein was detected in the sample zone from where its concentration diminished to the limits of detectability in the 1.11-1.13 g/cm3 sucrose density region. The protein concentration of the fraction increased again thereafter and peaked in the region of rER membranes (1.16-1.18 g/cm3, fractions 23-25, Fig. 2A) .
In EDTA-containing gradients no clear-cut separation of CHS protein in the sample zone and smooth ER region was observed (Fig. 2B) . The protein content of the sample zone was visibly higher than in that of the MgCl2 gradient. CHS protein content decreased somewhat in the 1.11-1.13 g/cm3 density region and increased again, reaching maximum concentration in the 1.13-1.15 g/cm3 density region. This is clear evidence for release of protein (including CHS) from membranes upon EDTA treatment. The broad peak, however, suggests an incomplete dissociation of ribosomes from the rER.
Control experiments in the presence of bovine serum albumin indicated penetration of this protein in the gradient, however, without specific association with organelles. This indicates that the presence of CHS on ER is not caused by nonspecific adsorption or entrapment by vesiculation.
Purification of the CHS Antibody to Monospecificity. The rabbit anti-buckwheat CHS antibody preparation crossreacted with a number of other unrelated proteins on immunoblots that were visualized with the goat-anti rabbit IgG ImmunoGold conjugate (Fig. 3, lane A) . The CHS antibody preparation therefore had to be purified to monospecificity. Experiments with isolated ER membranes showed deposition of 20 nm (Fig. 4A ), 5 nm (Fig. 4B) , and both 20 and 5 nm (Fig. 4C) (Table 1 ) and particle association showed highest gold particle density on the ER membranes, with a linearly decreasing amount as a function of distance (data not shown). No such particle density gradient was observed within the vesicles, suggesting association of CHS with the cytoplasmic face of the ER membranes.
Preembedding immunolabeling in detecting CHS on organelles was not successful. The conditions commonly used for preembedding labeling caused poor fixation of membranes that did not permit organelle recognition. Electron microscope observations of these preparations allowed only the general localization of the CHS-ImmunoGold complex in the cytoplasmic region (data not shown).
Postembedding immunolabeling techniques permitted organelle recognition in the cytoplasm (Fig. 4 D-F) . In the epidermal cells, the cytoplasm appears as an extremely thin layer. The central vacuole of these cells often contains electron-dense material that is likely to be phenolic compounds precipitated by caffeine (Fig. 4E ). In situ localization shows gold particle deposition in the cytoplasm (Fig. 4 D-F) . Cell wall, mitochondria, lipid bodies, and vacuole were not labeled (Fig. 4F) . Gold deposition was observed on ER membranes or in their immediate vicinity. Gold particles (20 nm) were attached to the cytoplasmic face of ribosomebearing ER membranes (Fig. 4E) . These long ribosomebearing ER membranes are characteristic features of buckwheat hypocotyl epidermal cells. Immunorecognition did not take place where the primary antibody was omitted or when preimmune serum was used. Groups of gold particles (20 nm) are deposited in the ground cytoplasm on an electron-dense structure (Fig. 4F ) that suggests a tangentially cut ER membrane. Gold depositions were frequently observed in the cytoplasm in the vicinity of electron-dense material on the vacuolar face of the tonoplast.
DISCUSSION
Sucrose density gradient centrifugation of buckwheat hypocotyl homogenates in the presence of MgCl2 or EDTA showed shifts in the activity of CHS that corresponded to those of ER membranes. In the EDTA-containing gradients, the majority of enzyme activity moved to the sample zone/ gradient interface, showing a weak association of the enzyme with the ER. In these experiments, only small amounts of ER adjacent to electron dense vacuolar contents. M, mitochondria; LB, lipid body; CW, cell wall. (A, x 160,000; B, x56,000; C, x45,000; D, x150,000; E and F, x75,000).
enzyme activities were detected in the gradients. This was caused by the relatively long centrifugation times and the instability of CHS even in the presence of SH protectors and proteinase inhibitors. Hence, we have used a specific antibody preparation to detect the position of the CHS protein in the gradients by immunoblotting. The immunoblots further confirmed the association of CHS with the rER membranes.
We have addressed the question of whether the detected association of CHS with the ER membranes is caused by entrapment of the enzyme by membrane vesiculation during homogenization of the plant tissues or by nonspecific adsorption. This was particularly important, since preembedding procedures were unsuccessful. Therefore, we homogenized the plant tissue in the presence of bovine serum albumin (10 mg/ml) and monitored the distribution of this protein in the gradients by both Coomassie brilliant blue staining and by immunoblotting of the NaDodSO4 gels. Bovine serum albumin was found to penetrate the entire gradient. However, its concentration steadily decreased with increasing sucrose concentration and, unlike CHS, it did not show signs of association with specific organelles. Therefore, we conclude that the observed association of CHS with ER membranes is not caused by entrapment or nonspecific protein membrane adsorption.
Further evidence for CHS-ER association was found by immunocytochemical investigations with isolated ER fractions using a monospecific antibody preparation and a 20-and a 5-nm ImmunoGold conjugate. In these experiments, the deposition of gold particles was found on or in the immediate vicinity of ER membranes. Since CHS is not an integral membrane protein and is only weakly associated, it was expected that some dissociation takes place during the isolation, labeling and fixing procedures. While the majority of the gold particles were found on the isolated membranes, statistical analysis of the electron micrographs showed that there was a linearly decreasing gradient of gold particles with increasing distance (up to 40 nm) from the membrane (data not shown). Similar observations were made by Solti et al. (15) on the localization of glyceraldehyde-3-phosphate dehydrogenase in intact human erythrocytes, who concluded that the majority, if not the total amount, of this enzyme was located on or near the membrane.
In situ localization experiments with both the 20-and 5-nm gold conjugate further confirmed the presence of CHS on ribosome-bearing ER membranes. In comparison with the strong in situ gold staining that was observed in the light microscope (data not shown), few recognition sites were found during the electron microscope investigations in postembedding immunolabeled preparations. The scarcity of immunorecognition in these preparations is caused partially by loss of immunogenicity of the CHS protein during fixation and embedding and partially by dissociation of the immunocomplexes during the washing procedures.
Our data show that CHS, the "soluble" key enzyme of the flavonoid pathway, is associated with the ER membranes, where it may function as an integral component of a consec- (17) , and elsewhere (5) . Association of cytosolic enzymes with the cytoskeleton was shown with members of the glycolytic pathway (18) (19) (20) . Our report that CHS (a soluble enzyme) is associated with ER membranes in the plant cells is consistent with our model for the existence of a consecutively assembled membrane-associated enzyme complex in phenylpropanoid and flavonoid metabolism (3). In such complexes, intermediary metabolites are channeled and do not diffuse freely in the cytoplasm. Advantages of such channeling in the cells, where potentially competing pathways are present, were discussed by Stafford (21) , and the association of enzymes with cellular structures was discussed by Friedrich (22) . The regulatory potential of such consecutively assembled membrane-associated pathways is not difficult to envision.
